INTRODUCTION
The rough-microsomal (RM) membranes of eukaryotic cells contain specific sites for binding with ribosomes synthesizing secretory or membrane proteins. These binding sites are postulated to be functionally associated with a putative protein translocation channel in the membrane which facilitates the import of the synthesized proteins into the lumen of the RM (Blobel and Dobberstein, 1975; Simon and Blobel, 1991) . Previous studies indicated that the ribosome-binding activity is affected by mild treatment of RM with a proteinase and markedly decreases in the presence of increasing amounts of univalent ions, suggesting that the binding sites comprise proteinaceous factor(s) which can bind ribosomes through ionic bonds (Shires et al., 1971; Borgese et al., 1974; Hortsch et al., 1986) . Two membrane proteins with relative molecular masses of 180 kDa and 34 kDa have so far been demonstrated to possess ribosomebinding activity, as determined with an in vitro binding assay system involving liposomes (Savitz and Meyer, 1990; Tazawa et al., 1991; Ichimura et al., 1992) . The direct binding between these proteins and ribosomes was also demonstrated by experiments involving a bifunctional reagent (Collins and Gilmore, 1991; Tazawa et al., 1991) . Recently, a mammalian counterpart of yeast Sec6lp was identified and proposed to be a key component of the protein-translocation channel (Gorlich et al., 1992) . This protein was also shown to have affinity toward ribosomes (G6rlich et al., 1992) .
Several lines of evidence suggested the importance of the 34 kDa protein, which we termed p34, in the ribosome-binding ability of RM. First, the protein exhibits the major ribosomebinding activity in a detergent extract prepared from rat liver RM membranes (Tazawa et al., 1991) . Secondly, its binding properties (e.g., proteinase-and salt-sensitivity) are very similar to those of intact RM (Tazawa et al., 1991; Ichimura et al., 1992) . Thirdly, the protein is localized specifically in ribosomeamino-acid-long luminally disposed C-terminus. The cytoplasmic domain of p34 has several noteworthy structural features, including a region of 4.5 tandem repeats of 23-24 amino acids. The repeated motif shows structural similarity to the leucine-rich repeat which is found in a variety of proteins widely distributed among eukaryotic cells and which potentially functions in mediating protein-protein interactions. The cytoplasmic domain also contains a characteristic hydrophilic region with abundant charged amino acids. These structural regions may be important for the observed ribosome-binding activity of the p34 protein.
attached organelles (RM and nuclear envelope) and fourthly, its counterparts were found, by immunochemical means, to be distributed widely in mammalian RM (Ichimura et al., 1992) .
p34 is a non-glycosylated protein and, like the ribosomebinding activity, is highly sensitive to trypsin (Tazawa et al., 1991) . The protein appears to be an integral membrane protein because it can only be released from the membrane on its solubilization with a detergent. Little is known, however, about the structure of protein p34.
Here we present the primary sequence of protein p34 and deduce its disposition in the RM membrane. This protein appears to be a type II signal-anchor protein with a large cytoplasmically disposed portion. Computer analysis of the sequence indicated that the protein has an internally repeated sequence that shows high similarity to the leucine-rich repeat (LRR).
EXPERIMENTAL
Screening of a rat liver cDNA library A rat liver cDNA library constructed in phage Agtl 1 (Clontech, Palo Alto, CA, U.S.A.) was screened with rabbit polyclonal antiserum against p34 (Ichimura et al., 1992) The p34 protein was isolated from salt-washed rat liver RM membranes by affinity chromatography on a concanavalin A-Sepharose column and then a chelating-Sepharose column (Tazawa et al., 1991) and purified by preparative PAGE followed by electroelution. The purified protein (100 ,ug) was digested with lysyl-endopeptidase or chymotrypsin, and the resultant fragments were separated on a reversed-phase Capsel Pak C18 column (0.46 cm x 15 cm; Shiseido, Tokyo, Japan) by elution with a linear gradient of acetonitrile (10-75 %, v/v) (Ichimura et al., 1992) yielded six positive clones. From among them, the longest clone, termed pRAP-1, was selected for characterization in terms of the nucleotide sequence. The pRAP-1 clone contained about 2200 bases, including a short stretch of the poly(A) tail. However, since it still appeared to be shorter than the mRNA (3.2 kb) detected on Northern hybridization analysis (Figure 1 , arrowhead), we rescreened the cDNA library by plaque hybridization using the NaeI(728)-SacI(1 169) fragment of the pRAP-1 5' terminal side as the probe (see Figure 2a) . Two longer clones, termed pRAP-2 and pRAP-3, were isolated. These cDNA clones were used for further sequence analysis. Figure 2 (Figure 2b ). The deduced sequence contained all the amino acid sequence (total 122 residues) determined on Edman degradation of the mature p34 as well as those of the fragments generated on digestion with lysyl-endopeptidase or chymotrypsin (underlined in Figure 2b ). In addition, the amino acid composition and the molecular mass calculated from the deduced sequence were in close agreement with those of the p34 protein determined by amino acid an-alysis and SDS/PAGE respectively. We concluded, therefore, that the sequence of the cloned cDNA represents that of the p34 protein.
Structure of p34 p34 has no signal sequence at its N-terminus, which is characteristic of many membrane and secretory proteins ( Figure 2b ). However, the initial methionine (residue 1, Figure 2b ) was removed post-translationally, because the Edman degradation of the mature protein starts with Thr-2. The p34 protein would thus have 306 amino acids with a molecular mass of 34738 Da and a calculated pl of 10.0. The p34 protein contains five Ser/Thr residues that satisfy the consensus sequence for phosphorylation (Figure 2b, stippled) , although at present there is no evidence for the phosphorylation of p34. In contrast, the protein does not contain a consensus sequence for an ATP-or GTP-binding site, which is characteristic of several nucleotide-binding proteins, including the 54 kDa subunit of the signal-recognition particle (SRP) and its cognate receptor (SRP receptor or docking protein).
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The 4.5 tandem repeats found in the amino acid sequence of p34 are aligned with a minimum number of gaps. Highly conserved residues (identified in three or more repeats) are reversed out.
The consensus sequence is also indicated at the bottom.
the hydrophobic core of the membrane (Figure 3) . Since p34 appears to be an integral membrane protein (Ichimura et al., 1992) , this region is most probably integrated into the membrane bilayer. It should also be noted that this hydrophobic segment is preceded by a cluster of positively charged residues (Arg-239, Lys-240 and Arg-243). It is known that such a positively charged cluster anchors the N-terminal portion of the transmembrane segment on the cytoplasmic surface and enhances the translocation of the following portion across the membrane during its biosynthesis (Parks and Lamb, 1991; Sakaguchi et al., 1992 Takahashi et al. (1985) . Hyphens and Greek alphas (ac) indicate non-conserved positions and conserved aliphatic positions respectively. Lower-case letters indicate relatively less conserved position, as indicated in the original reports of these sequences. References for consensus sequences: p34, the present paper; leucine-rich oc2-glycoprotein, Takahashi et al. (1985) ; human acid-labile subunit, Leong et al. (1992) ; rat acid-labile subunit, Dai and Baxter (1992) ; carboxypeptidase N 83 kDa subunit, Tan et al. (1990) ; human proteoglycan (biglycan), Fisher et al. (1989) ; bovine proteoglycan (biglycan), Neame et al. (1989) ; human proteoglycan ll (decorin), Krusius and Ruoslahti (1986) , Patthy (1987) ; chick proteoglycan ll (decorin), Li et al. (1992) Mikol et al. (1990) ; bovine oligodendrocyte-myelin glycoprotein, Tan and Lim (1992) ; platelet GPlboa, Titani et al. (1987) , Lopez et al. (1987) ; platelet GPlb,f, Lopez et al. (1988) ; platelet GPV, Shimomura et al. (1990) , Roth et al. (1990) Nose et al. (1992) ; chaoptin, Reinke et al. (1988) ; Toll, Hashimoto et al. (1988) ; Saccharomyces cerevisiae adenylate cyclase, Kataoka et al. (1985) ;
Schizosaccharomyces pombe adenylate cyclase, Yamawaki- Kataoka et al. (1989) ; GRR1, Flick and Johnston (1991) ; human RNAase inhibitor, Lee et al. (1988) ; porcine RNAase inhibitor, Hofsteenge et al. (1988) ; U2 snRNP A' protein, Sillekens et al. (1989) , Fresco et al. (1991) ; sds22+, Ohkura and Yanagida (1991) ; Drt100 (Arabidopsis thaliana), Pang et al. (1992) ; internalin and in/lgene product (Listeria monocytogenes), Gaillard et al. (1991) ; ESAG8 (Trypanosoma bruce,), Revelard et al. (1990) ; eESAG8c, Ross et al. (1991) ; RADI and RAD7, Schneider and Schweiger (1 991 
23-24 amino acids. The repeat motif has regularly spaced leucine residues at positions 8, 11, 14, 16, 21 and 24 and shares conservative proline, phenylalanine, aspartic acid and asparagine residues at positions 1, 5, 15 and 19 respectively (Figure 4) .
The second region begins with residue 156 and ends at residue 235. This region is rich in charged amino acids, especially lysine (K), arginine (R) and glutamic acid (E) (64 % of the total number of amino acids), thus we termed it the 'KRE region'. We also noted that these amino acids are highly concentrated in this KRE region; it contains 48.6, 68.2 and 78.3 % of the total numbers of lysine, arginine and glutamic acid residues respectivey (Figure 3 , lower panel). The C-terminal domain of approx. 38 residues, on the other hand, has few charged amino acids and no repeating unit. Ppt.
Sup. Secondary-structure prediction using the Chou and Fasman program indicated the presence of a-helices (42%), f-sheets (37%), and seven potential fl-turns in the p34 molecule. The predicted secondary structures of the internal repeats did not show clear repetitive patterns. The predicted structures of the KRE region and the C-terminal domain, on the other hand, showed mainly a-helical and fl-sheet structures respectively.
Sequence similarity to other proteins
We searched several protein/nucleotide sequence databases using both the entire sequence of p34 and various segments of the sequence. No striking sequence similarity was found, using the entire sequence or the C-terminal domain sequence (residues 270-307), with any other proteins present in the databases, including known RM proteins. We found, however, that the repeated sequence showed significant similarity to the tandem repeat motif called LRR (Table 1) . LRRs have been identified in a variety of proteins from a wide spectrum of eukaryotes (see Table 1 ). These repeats are, on average, 24 amino acids in length and are characterized by a periodic distribution of hydrophobic amino acids, especially leucine, separated by hydrophilic amino acids. The motif repeats can adopt an amphipathic sequence (Takahashi et al., 1985) and potentially function in mediating protein-protein (Wicki and Clemetson, 1985; Handa et al., 1986; Krantz and Zipursky, 1990; Suzuki et al., 1990) or proteinmembrane (Takahashi et al., 1985; Kataoka et al., 1985) interactions. On the other hand, the LRRs of p34 are unique in the residues between the conservative residues mentioned above, as well as the number of repeating units (4.5 times) (shown in Table  1 ). In addition, p34 does not contain sequences extending to either N-or C-terminal LRR-flanking sequences, which are known to show amino acid similarity in some of the members of this protein family.
We also found a striking resemblance of the KRE region of p34 with a series of nucleotide-binding proteins, including seaurchin histone HI (residues 128-206; 28 % identity), Drosophila 70 K Ul snRNP (residues 285-362; 25 % identity), Xenopus EF-1 y-chain (residues 204-283; 21 % identity) and bovine ribonucleoprotein La (residues 301-380; 25 % identity). In addition, the C-terminal half of this region (residues 192-235) exhibits, when two gaps are inserted, 40 % amino acid identity with the V region of the SRP receptor (Lauffer et al., 1985) . The similarities between the KRE region and these regions of the described proteins are primarily due to the frequent occurrence of positively charged amino acids. We propose that this region and/or the LRR region may be important for the observed ribosome-binding activity of the p34 protein, as described below.
Membrane topology of p34
Protein p34 was not extracted from the RM membranes on treatment with Na2CO (Ichimura et al., 1992 ; see also Figure 5 ). This, together with its high sensitivity to trypsin (Tazawa et al., (b) (c) . 44 Structure of ribosome-binding protein p34 471 1991; Ichimura et al., 1992) , suggested that protein p34 might be a membrane-embedded RM surface protein with a large cytoplasmically disposed portion.
To study the disposition of p34 in the RM membrane, we incubated stripped (ribosome-depleted) RM with various concentrations of trypsin, and the resultant tryptic fragments of p34 were analysed by immunoblotting with polyclonal anti-p34 antibodies ( Figure 5) . We found that a partially proteolysed form with a molecular mass of about 28 kDa, which is almost the same as the size of the large N-terminal domain of p34, was generated during the digestion with the lowest concentration of trypsin ( Figure 5b , lane 2; indicated by an arrow). The 28 kDa fragment was released from the RM membrane by washing the membrane with 0.1 M Na2CO3 (Figure 5c , lane 5), indicating that it is disposed in the cytoplasmic face.
The amino acid sequence of the p34 protein contains only one hydrophobic segment long enough to span the membrane bilayer, but does not contain a cleavable signal sequence at the Nterminus. On the basis of these and the newly found topological features, we propose the structural model for p34 illustrated in Figure 6 . p34 resides in the membrane with a single spanning segment between residues 245 and 269, its N-terminal side (244 residues) being disposed in the cytoplasm and its C-terminal side (38 residues) being luminal in orientation (type II orientation). This topology places the positively charged side chains (Arg-239, Lys-240 and Arg-243) located on the N-terminal side of the postulated membrane-spanning domain on the cytoplasmic surface, which is consistent with the fact that positive charges are found preceding the membrane-spanning sequences of many eukaryotic type II membrane proteins.
Functional ImplIcatIons
The signal hypothesis predicts that the signal peptides of secretory proteins allow the targeting ofribosomes and nascent polypeptides to the RM membrane, and that the attachment to the RM membrane is mediated by the ribosomes (Blobel and Dobberstein, 1975) . The ribosome receptor is believed to be involved in this attachment process and regulates the turning on/off ofribosomes (ribosomal cycle) in the course ofprotein translocation. It appears likely that the ribosome receptor is not single polypeptide chain but a site comprising many or all of the RM membrane factors required for translocation [see, for a review, Sanders and Schekman (1992) ]. Little is known, however, about the molecular mechanism that regulates the protein-translocation-coupled ribosomal cycle. Recently, Simon and Blobel (1991) demonstrated that the attached ribosome keeps the protein translocation channel in an open conformation.
Sequence analysis of p34 revealed two potential sites that could serve for the attachment of ribosomes to the RM membrane. The p34 protein contains 4.5 LRRs (Figure 4 ) in the postulated cytoplasmic domain (Figure 6 ). There is direct evidence that LRRs are involved in protein-protein interactions.
For instance, the LRRs of human glycoprotein Iba bind to von Willebrand factor (Wicki and Clemetson, 1985; Handa et al., 1986) , and those of yeast adenylate cyclase appear to interact with ras protein and are necessary for adenylate cyclase activation . By analogy, the LRRs of p34 may provide a site of interaction with ribosomes or may associate with proteins to form translocation sites through which nascent polypeptides are transferred across the membrane bilayer of the RM. Another site is the hydrophilic region (KRE region). Since the interaction between p34 and ribosomes appears to largely result from an electrostatic interaction (Ichimura et al., 1992) , the charged residues in this region might be responsible for the ribosome-binding activity of p34. The KRE region is similar to regions of a series of nucleotide.binding proteins. The corresponding region of histone HI is known to bind with DNA, and the region of 70K Ul snRNP might contact RNA (Query et al., 1989) . The V region of the SRP receptor is proposed to be a site of interaction with 7SL RNA in SRP, together with regions III and IV (Lauffer et al., 1985) . The similarities between the KRE region and the above suggest the possibility that this region could interact with the RNA part of a ribosome, although there is no evidence for such an interaction at present. There has been no report on the involvement of RNA molecules in the ribosomal cycle, with the exceptions of 7SL RNA in SRP and ribosomal RNA in ribosomes. It appears unlikely that p34 binds with 7SL RNA, since no detectable 34 kDa-range polypeptides were eluted from an affinity column coupled with SRP (Tajima et al., 1986) . It is thus possible that either LRRs or KRE regions, or both, contribute to the ribosome binding on the rough endoplasmic reticulum. Clearly, however, further detailed examination of the ribosome-binding properties of these regions is needed to test this or other hypothesis.
To our knowledge, the p34 protein is the first member of the LRR family identified in the RM membrane. Knowledge of its amino acid sequence and the availability of its cDNA should aid elucidation of its potential biological function in the ribosomebinding process. This study should also facilitate studies concerning the roles of the LRR protein superfamily.
